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ANNOTATION

Endogenic and exogenic events leadihg to the appearance of large
volumes of molten material on the lunar surface must be accompanied
by volatilization of elements in the vacuum [1]. However, uﬂtilf
ﬁrecéntly,L it ihas not been clear whether the process of volatiliza-
fion actually ocecurs on the Moon. This would explain the lowering
(compared to the Earth) of the content of certaln elements on the
lunar surface (Na, K, ete.). In the literature on thils topic, there
are contradictory conclusions (O‘Ha}a, Ringvud, and others) [2].

The many laboratory experiments on-similar processes [3‘— 15] are
not sufficient for an interpretation, primarily due to the absence
of an adequate physical model and theory of the process, and also
because of the limited range of parameters (T, p, T)| accessible in
the varlious experimental methods.

In the present work, a physical model 1s worked out and a
theory is presented on the basis of an analysis of the experimental
data for the process of vaporization of volatile components of
molten rock in vacuum, taking Into account the adsorption of gases
from the residual atmosphere. This model and theory then allow us
to interpret such processes. As a result, several preliminary con-
clusicns are presented relative to such phenomena on the Moon and

their laboratory modeling.
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| VOLATILIZATION IN A VACUUM OF ELEMENTS FROM|

! |

"MELTS OF PLANETARY SURFACE MATERIAL

M. D. Nusinov and Yu. B. Chernyakl

1. A Basic Physlcal Introduction to the Process of

. Volatilization

From the standpolnt of thermcdynamics, a System in which a
constant temperature is maintained and which is contlnuously evacu-
ated is a typical noneguilibrium {open) system, in which a state
of equilibrium never exists. .

Studying the behavior of a melt of composite composition
under such circumstances, it is found that the process of its
vaporization will proceed monotonically all the way to full vapori-
zation of the melt. Various components of the melt will exhibit
different characteristic times of vaporization. These times may
differ from each other by many orders of magnitude. From this, it
is clear that if, during the vaporization of any element, the speed
of the process sharply drops and the concentration practically
stabllizes, then it must be that the glven element either has

undergone a chemical reaction to a compound with significantly

#
Numbers in the margin indicate pagination in the original foreign
text.
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lower volatility, or that the element 'was in that state to|
begin with.

_ Indeed, this is indicated by mass spectrometric studies of the
composition of the vapors above molten rock in a vacuum, which
showed [13, 14] that most of the volatile alkali metals reside in
the atomic state. Thils shows that before leaving the melt, the
molecule resides in a dissolved state in the melt, in which it ex-
periences the weakest binding to the}basiq]material. As ‘has.already
been mentioned, a volatile element may enter info a compound with

significantly lower volatility (e.g., NaEO, HEO’ ete.), and thus be

firmly bound chemically to the matrix of the basic material.

The binding energy of an element with the melt 1s characterilzed
by the enthalpy (heét) of the transition. In accordance with this,
the speed of vaporization of an element residing in various com-
pounds will differ greatly, due to the exponential temperature
factor. This allows us, from a klnetie standpeint, to consider
elements only in two states: a veolatile disscolved state (with the

least binding energy to the melt), and non-volatile.

Chemical changes (oxidation, for example) may be caused by the
presence of an adsbrbedtlayer on the surface of the melt, from the
residual gases, which leads to a dependence ol the component con-
centrations on pressure. On the other hand, the same layer ("con-
tamination") may, in a low wvacuum, decidedly reduce the speed of
vaporization, as has already been shown by Knudson [16]. This also

leads to a dependence on pressure [17, 18].

It is important to emphasize that the analysis of the experi-
mental dependence on time, pressure,—and}temperature provides the
key to the construction of a physical model for the process. There-

fore, we shall now present an overview of the experlimental data.
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2. Brief Summary of the Experimental Data

The kinetics of the process of sodium and potassium vaporiza-
tion from molten rock (including lunar material) are presented in
Figures 1 and 2 [6, 7, 8, 13].

ALl of these curves are characterized by the présenoe of a re-~
gion of rapid, exponential decrease in concentration of the com-
ponent during the time (u),‘which will be called the kinetic stage.
The second period is "quasi‘statioﬁary" that is, with practically
constant concentratlon (8§). For the latier, ‘the characterlstic timek

of vaporlzatlon is an_ ordertof magnltude longer thanAfor the“flrst ]

The reader's attention is called to the two-stage character of the K
concentration variation in the low ngggfg?urer(1150 - 1175° &)

experiments of O'Hara [6,7] (Figure 2b), the nature of whlch}Will pel -
gxplained below.

Investigations’inﬁo\thé dependence .on| pressure of the vapori-
zation in vacuum of the base elements (Si, Al, PFe, Mg, Ca, Na, K)

have been carried out at the Institute - foy Space Research of the\ /6
Academy of Sciences USSR [IKI]][12], oﬂ_E;0 types of basalt in the T
region of "quasl-statiocnary" behavior. Typical results for the most
volatile elements, Na and K, are presented in Figures 3 aﬁd b,
Determination of the chemical composition of the residual material

was carried out by two independent brocesses, micro-x-ray spectro-

scopy and chemical analysis. Both methods gave similar results.

Down to a certaln characteristic pressure (HO), the concentration

does not change. As the pressure is decreased further, a decrease
in the concentration is observed according t¢ a power law with a

characteristic power vy lO_l (Na and K) and y ~ 1072 fer the remain-

-

ing elements. The exponent y is observed to increase with tempera-
ture. A similar pressure dependence is characteristic of adsorptién
processes [19, 20]}. 1In Figure 5 and 6, the temperature dependence
of thevépbﬁiééﬁiéﬁ\offthe base elements in vacuum from molten rock,

minerals, and also lunar material 1s presented [E - 13]. Attention 1s



called to the presence of a characteristic temperature T, and the .

0
heat of the process Y, determined by the slope of the dependence 1in

the region T » TO. Below, it will be shown that the existence of
two reglions of pressure (P 2 PD) and two regions of temperature
(T 2 TO) 1s determined by the relation between the speed of vapori-

zation of the element and its conversion into non-volatile material.

3. Elements of the Theory of Vaporization of a

Multl Component Solutlon in a Vacuum| in the

[ —

Preeence of Chemical Reactlons

As has been shown in [21], the vaporization of volatile com-
ponents from a melt is observed as vaporization of dissolved ele- il

ments. The kinetics of wvaporization from almultl component mlxture\

in our case may he reduced tc the same questlon for a two- component
system for the following reascns: In the first place, the speeds cof
vaporization for different elements are usualiy so different that
one may consider the vaporization of each 1in turn, independent in
time from the vaporization of cthers. Second, even in the event
that two elements have similar vaporization rates (for instance, Na
and K), then, due to the small concentration of each, it will not%
cause a notlceable effect.

Let us define Xland Xg'to be the volume concentration of a melt

element (per cm3) in the volatile and nonvelatile states, respec-
tively. Then the total concentration X of the element will be
given by:

X = X.‘Xz. (l)

We shall assume that:

1) the time of the process Tf 1s not too large, that 1is, so

that the vaporization of the remaining material {(the "solvent")

may be disregarded;



{2) the process takes place in Such ‘a small volum;}

that the‘element transportltlme to the surface/ﬁm<e4d‘ Then the kinetid

eguation for the concentrations Xl and X2 may bte written in the form:

: gﬂ'ﬂﬁ 5*&M?%bn'- r 2
I : %‘:-KJ{XJ ¢ Ku ki, : | ‘3

The mass transfer to the surrounding vacuum environment may be
written as the difference between the forward and backward flows
'£+A¢ and the conversiocn between the volatile and nonvolatile states /8

of the element may be written:
.’{ﬂ"XE "‘HQ -A} . \

A detalled analysls of the mechanism by whlch a molecule returns to
the melt shows that the reverse current.gd)] 1s proportional to the

forward currentlgé)1[22; 237,

and, in the pressure: range % << 1 of interest|to us, the coefficient]

(of return Z lS small ] 5

|
L€ | (5)

Thus :

- /, “fa - /, (r-2)- | | (6)

The current of evaporating particles@jﬁlfrom the surface 5 of the

melt having a volume V, 18 usually related to the saturatlon vapor}

pressure Pl’(T) above ‘the mixture [17]:

Vg A S BT L Y

ekl R b F (1)
Here, ¢ - olv (p)-iis. the'vaporization coefficient [18]; h is a char-

acteristic depth of the molten rock, m is the mass of the evaporating

molecules or atoms, kK 1s the Boltzmann constant.



Let us now dencte the mole fraction of the volatile component

in thecsdlution'as X{. 1

tion to consider the solu&ion regular, with a heat cof mixing equal

Since X, << 1, it is a suifficient approxima-

to i‘dﬁﬂf,ﬂ—f’). '(44=CM5'¢)’.[21, 247, The pressure Py {(T) is then given by:

3(77}-/5;[7’})?' --e,iw, (8)

where Fi (T) is the vapor pressure of the evaporating material in

the pure state at the same temperature. A]is the universal gas con-
stant. We note that the iarger (A} is (in the algebraic sense), the

more rapid is the vaporization of the component“M&«-{éﬁoﬁé_f%a:};fgum.l
moele '

In the case of interest to us fl << 1, solf,.fﬁugay (u and p are

the molecular weight and density of the solvent, respectively) and

1(Lif?rl~2iﬂ. It follows that:
. M on _zAp '
S TORCLE N AUN 8 e \ ; (9)

Denoting the multiplier of Xl in the exponent as B,téﬁaiéﬁé‘prgauct\

(02t et Fainn |  ae

?Iﬁﬁfly, we obtain:itain:

. - ‘._ﬂa":.
X . . . o 24~
S h-febe f’m\ (11)
In order to clarify the relationship between ji> Kyy» and K, we

compare the solution of Equations (2) and (3) for long times with

the experimental curves in Figures 1 and 2. As t » «, the concen-

tration X; is sufficiently small (A% «Z)"and the equations may be |

linearized:

%?rf=~(J}+.ﬁ¢1)x¢_*/fz:'fa, ) (12)
%:-Xzf& v‘-’ﬂg')’:.\ (13)

79y
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The general scolution of such a system of gquations has the form:

A"J-.: g" Ql’,/ R e_hjl'f" i}a’ ,:2, a}f - COn.st’_

' _. N, + My " ' e ’
Do » K for e o R IR | (14)

The presence of the "quasi-stationary" region in Figures 1 and 2
shows that:

"‘42 << ;a-( [
. (15)
from which we may conclude that:
Ko €< f, o Hor | (16)

ThlS shows that in the observed experimental processes 7fhélﬁonver51on]

of the element from the nonvelatile state is, for practical purposes,
absent. On the other hand, ‘except for “the dependence on (15), the|

relationship between the initial and final concentrations XD and X

“7 j’o" 2 X eg, \

(17)
which 1s usuallgf%QEESfled allows one to wr1te|
Ko ® Koo 3 Moo ) (x},}xe;ex.), \ (18)
where KlO and‘XzO are the initial concentrations of the element in /10

the volatile and nonvolatile states.

The Inequality (18) implies that the large majority of the
molecules reside in the volatile state initlalily. On the contrary,
if X~ Ko |, then in the initial composition the majority of the
molecules are nonvolatile.

The Inequality (16), re1nfoqc1ng the Tnequality (18), allows ﬁsW?

to discard. the term ﬂhkﬂ 1n the system of noniingégrequatlons
{2}, (3}, which then take the form:

R N
f‘:_ J X‘ - Ky

l»;

=3

| (19)
R e, (20)



The system (19), (20) is easily solved by quadrature:

4

ffﬂ a’l’

o +3»"»’ L (21)
Kel8)< 20 s /w) 2. | . (22) )

From Equation (21), one may see that Xl decreases to zero_mondtoni~

cally with time, while Equation (22) leads to a mbnotonic_growth of
Xg(t). Indeed, the difference Xz(t) - X, is proportional to the

area under the Integrand Xl(t).

Let us consider the qualitative behavior of Xl(t), which does
not change if we remove the term,ﬂ%ﬁNﬁTom Equation (21). We phem

obtalin -
. * . . - T o . . ‘
Ei(px)-Fi(prs)=~Lt-E, (23)
. | _
where Ei &Elfis the tabulated exponential integral [26]:

E7z)- [ {-}:— ~alu, | (24)

Equation (23) gives the universal dependence of the dimensionless
concentrationtakfXJ%ﬁas a. function of the dimensionless time /11
\&= i #) 1t is clear that different initial concentrations &:/fX»)

correspond to dilsplacement of the initial time“bylthe gquantity
i£7 (P X2) in the universal relation Equation (23).

In Figure 7, the universal curve & (Z), along with X, (t) of|

%hétotal concentration m%xﬁﬁnﬁﬂi are presented for two initial con-
centrations X . X.\. From the figure, it is evident that it is
possible to have two types of kinetic behavior in the form of

two~ and one-stage curves. The first of these 1s realized when:

24/ ' '
FTE e TS, / (25)

_ And the second, the one-stage behavior, is reallzed in the opposite

: . 24 :
case. |In particular, if fﬁfﬁﬁ#: thHen the decrease of X(t)

3



immediately beginS/frem the reglon of exponentlal deorease in X (t)/

A1l the above-mentioned cases are observed in Figures 1 ana 2.

We now proceed to the analysis of the dependence of concentra-
tion on pressure, obtained in the "quasl-statlonary" Pmode at long/

times (Tf ~ 1 hr).| The time dependence correlates with the con-

aition U, < 1, for which}in (21) fhe equations|”% nland|

{ Xf(?f)-j Koo+ énfﬂu‘.u)t \ (26)

‘are linearized. éiﬁdé“X't*3'¥ O, 1t follows thab: ‘

: 7m~0*muz
L Xfeols Yo o)< Xea fr Yio* € o’“ﬂ (27)

From this we obtain:

.q){ tﬁfoo 7 /y,‘ \ (28)
\Expfeeeign_(28[_y3;p_xgo ;_Eéééif; canneEW§Eiia the  observed powerA
law pressure dependence “of £, Therefore, we assume that X20‘= O
%[compare w1th (18)] , and tnen we haveﬁ} we have: /12
Xl . fade | (29)
“.X?° Jre Ko \

On the other hand, the dependence of jl orl pressure,feeeerding\

td?(lO),,ls determlned by ‘the factor: ‘

o~ ) ]| o

which in the case of high vacuum approaches a value of unity

i@%ﬁ“’IuZ”'oi[17:,l8a 22, 23]. It is easy to see that the observed
pressure dependence may be obtained only 1f L'}’"“?‘aﬁ@«/’o)' In :‘fact,
if the opposlite conditlion is satisfied, K12 cancels from Equation

(29), and X ceases to depend on pressure, as is observed for ?\>fP62’

‘ i« Ka. (PoR))



The pressure PO iz determined by the conditilion:
AN (31)
Thus, in the case of high vacuum,
Vﬁh.%x,Pﬁ'\wheré y = const.

Such a pressure dependence is characteristic of the Freundlich
ladsorption isotherm [19, 20]:|

o L3
nlp)=nepfoe ¥ (32)

here n(p) 1s the concentration of the adsoﬁbéd ﬁoié5u§§§hka§p@§)}

in the residual atmosphere, and.gv is the heat of adsorption
(v 1 keal/mole) [19, 20]. |

It -is natural to assume that:

i f{m_'\”7é#)" (33)

This further confirms the character of the temperature dependence

of Y on T, which is the same as that of Ehe zdsorption isotherm:]

The molecular mechanism for the dependence of K12 onfpl(and on

T) is apparently the following: oxygen, adsorbed on the surface of
the melt from the background gas, oxidizes a portion of the departing
atoms (molecules) of the volatile component, converting them to a
nonvelatile compound. Such a reaction 1s typically binary, hénoe,

- gET '

‘Lh’,,pn(p)-e . coms¥ ; (34)
where @ 1s the activation energy fof the given reaction (v~ 1 kecal/’
mole [27]). It is 1nteresting to note that such a mechanism requires
the presence of a diffusion current of oxidized molecules, directed
into the melt.

Let us now consider the temperature dependence of X_ (T). From
Equations (32) and (34), we cbtain:

10
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Koy - ae‘% 1where Qz'canaf.l (35)
Proceeding in analogy with Equation (10), we find:

g’e‘(z’?ﬂ £ - cons? i (36)

where L is the latent heat of volatlllzatlon for the pure component!

V(fop Na, Lf25 KC&l/QQ}? [28])-L ﬁ51ng Eguations (35) and (36)from\
{29), we obtain:

- oG
o - 3’7 f\'lo ge-%,s*ae?_"f: (37}
andivoxy, g o SAGE , (38)

The cbkserved exponential temperature dependence shown in Figure
5 {(for T > TO) can agree with Equation (37) only in the event that

the second term (KIE) in the denominator of Egquation (37) is much

smaller than the first (jl). In the opposite case, for T < T

. We A-bE'i.V'é/ fx & /Q,\

O’

- These two regions of temperature arise if:
L“A')@"?xv \
which is always true. The temperature TD thus has a simple physilcal /14

meaning: for T < TO’ the predominant process 1s the chemical re-

action [y, - ¥: . (X=zXe2¥s ). For T'>iTO, the process of Vp}atlllza;
tion dominates  (e* %X &YX\ . It is clear that the temperature
TO is determined by a condition analogous to Equation (31):
J(T) ke (7)), | (39)
from which:
‘?/V '
‘”[*z”’} = ). | | (40)

So, the assumptions developed here allow us to explain qualitatively ~— |

all the observed peculiarities of the experimental dependence of Xw

11



on Ta, D, and T in the region of low pressures and moderate tem-

peratures.

At temperatures higher than the dissoclation temperature for

alkall metal oxides, the coefficient K21 will be different from zero,

and the kinetiecs of the vaporization process will be modified.
the thickness of the

At sufficiently high”préééurés‘P >> p

G’

adsorbed layer wili stabilize and, therefore, K12 and o will cease

to depend on pressure. However, in thlS reglon Z(PP v 1 andj

depends strongly on pressure. As a consequence, the kinetics of
the process and their pressure dependence are both modified.

by, Characterlstlcs of Volatllization on the Moon\

Let us now consilder how much we may. . use the results obtained
on the Moon‘(and|
alsc on other celestial bodies lacking atmospheres) from melts re-

toward understanding the processes of volatillzatlon[

sulting from endogenic (volcanic) events. We shall show that under /1

real lunar conditions, over a wide range of temperatures, the kine-
tiec type of’ volatllizatlon 1s realized From Equatlons (32) ‘}(3MJ|

it follows that, in the high vacuum of the moon, K12 = O*, and the

residual concentration X+ 0 after sufficlently long Volatlllzationx
tlmes 1

On the other hand, an estimate of the value of XO from Equation

(25) using the parameters of lunar material, obtained from Figure 5
[8], shows that for temperatures in the range 250 - 300° X, the
kinetic type of velatilizatlon of Na and K cceurs when the initial

concentration X, £ 5%. It follows that under lunar conditions only

0
the rapid exponential mode of vaporization 1g realized:

% i )

The fact that When\ lunar material is heated [8] (Flgure ‘1) there 13 a\<
kinetic mode of vaporization attests to the practical absence of

oxygen in the lunar atmosphere at the time when the material was

molten.

12



L e pp
L Hem = Ao - 2 J-" ' (36)

The observed concentration of Na and K in lunar material is deter-
mined by the fact that in the corresponding temperature regime, the

process had not proceeded to completion In the treatment of the

tpansport of the volatlle material to the surface are not limitlng,j

‘thatlls, the volatlllzatlon takes place from a sufficiently thin layer\

{of thickness h). In laboratory experlments h was equal to the full f/16

depth of the melt, as is characteristic for vaporlzatlon from liquid
phases as a result of evaporation with a convective-diffusive trans-

port mechanism.

Under real conditions, the thlckness of this layer w111 be 3

e

_strongly dependent . on the ratiocs of the volatllizatlonigﬁavﬁrans-
port rates. It is clear that this layer will be thinnest in the
case of volatilization from the sollid phase as a result of the
sublimaticon, and purely dlfqulonal transport. For diffusional

transport, the time constant of sush~—a process 18 glveﬁ“by

gand | :
tdrge. (37)
where D is the diffusion coefficient.
Denoting the multiplier of 1/h in Egquatlon (10) as jO’ we
obtain.ﬁﬁué-fﬁ. Equating] Td|with the time constant for volatilizs-|
tion ?}=j§%, we obtain an expression for the thickenss of the layer

of lunar material depieted 5?]the volatile components:
b=V Jo.| (38)
Since| D:Do.@ 47|, (LAE is the actlvation energy for diffusion) and

-ﬁ‘L;Qé"%%% it fellows that h is very strongly temperature dependent:

_hrolE-q’

A ,\, e IR (39)

13



Due to the large values of AE (1.0 - 102

keal/mole) [27], the depth

h thus established depends very strongly on. the entire thermal

history of the layer. Nevertheless, we must stress that the kinetic
character and high speed of the volatilization PTQPES?HWitEQEt_qgﬁ?ﬁ}@ﬂ}
demonstrates that such processes proceed with greater intensity on

the Moon. In Table 1, we present the time constant for ‘wvolatilization| /17

: v/
-z}'j' for lunar. materlal w1th h N 1 cm at various temperaturesJ

TABLE 1.
1"
g

i T
7oK ! 1500 K 9oo°zc 1 500°K

1 B
-_][ i, . ﬁ ' ;l
v, 170465 L5 da 25 |1 300 41
'L_(_l"t 1 -\days* y ! d_ayS* fkyearasli [

*
Larth days.

Hence, the depletion of the surface layer of the moon of Na and K
constitutes convincing proof that processes of \volatilization |Jjhave)
taken place [25].

Elements volatiaizing from lunar material will be removed from
the lunar atmosphere as a result of multiple cyclical processes of
exogenic origin [(emission and sputtering by the charged particles
of the "solar wind" (electrodesorpticn, etc.), photodesorption by
solar photons, micrometeorite bombardment, etc.j. If these processes
took on a global character, they would have contributed to the chemi-
cal bonding of the residual oxygen and its removal from the lunar
gtmosphere.

5. On the Question of Laboratory Mocdeling of

Volatilization Processes

The often stated requirement of the necessity of accurate

T R —-12
reproduction of lunar vacuum conditlons (p v 10 10 10 }

tOPP)IlS‘
in most cases, an ungustlflably rlgld conditlon for the follow1ng
reason: For the study of the kinetics of volatilization, the pres-

sure maintained in the vacuum apparatus must be such that the

14



process of volatiiization occurs necessarily in the kinetie regime‘
i >
(34 K

That 1s, it 1ls necessary that

[

P<pl (40)

12)'

This condition assures as well the fulflllment of the condi-

tions a, > 1 and 2 » 0. In practice, however, it 1s sufficient to

obtain the pressure within two or three orders of magnitude. For

volatile elements with vy in Equation (32) &mlo-g, this condition

may be weakened to simply p £ Py -

Another method, which allows one to prevent the cccurrence of

oxidation processes, i%\(instead of lowering p) to replace the back-

ground with an inert gas. The pressure ;8imulated in this case]

is'depermineéjﬁﬁnﬁm22"ii " However, there is['dhe'eimulatioﬁf}'

problem, requlring the reprcoduction in the laboratory of ultra-high

vacuum, close to that of the moon (p ™ 10710 - 1071%

torr). This
problem is the accurate determinatiocn of the partial pressure of
oxygen which was present in the lunar atmosphere at the moment of
hardening of the material. Such an experiment is extremely inter-
esting, regardless of the large technical difficulties (reguiring

very large pumplng speed of the laboratory apparatus, as high as

105 - 107 l/sec).

The choice  of experimental temperature also represents an im-

portant problem in simulation. When studylng the process of vola-

tilization from a thin surface:la&er; it is necessary to satisfy the

conditicn T > TO. In the study of transport processes, 1t is neces-

~sary to study the behavior of the prbcess over a wide range of

temperature (T ¢ TO)

In conclusion, we point out that as the experimental Dasis for
the presentation given'here, we have used results on the pressure
dependence F=VQ2L which, to the knowledge of the present authors,
is noft covered in the literature, with the exception of [12].
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6. On the Rele of Meteorite Bombardment in the

Volatilization Process

It is usually said, with one minor exception [291], thatlyglatili:
zation of elements takes place from melts formed by meteoric impact.
We shall now discuss the difference between the procésses of evapora-
tion and volatilization of eclements from the liquid phase.|

During a meteoric impact, a rather small amount of material

from the target will be evaporated at a very high temperature

("41014 - 1060 K}, during which all the material will escape. A dif-

ferent portion of the material of the target willl be melted. This
1iguld is elther formed into very small droﬁlets (to 1 micron) or

smeared into a thin layer on the crater wall.

In this case, as wlll be shown below, the time constant of
solldification T, is significantly smaller than the time constant

of volatilization t.. To begin, we shall carry ocut an estimate

verifying that the accumulations of liquid mass (lakes, "puddles",
etc,) do not occur in a meteor impact. The speed of movement u

of the medium behind the shock waves is connected|with the Specific|:
energy € in the same region by the relationship £ ~ ul/2. iMéiE%hg!
will take place 1f the condition £» &£ is fulfiilled. It follows

that wz va.su'l. If  Ea~s1¢ erg/gm [30], we have,

o~ 105} m/sec.

Therefore, the liquid will be thrown out of the crater at a high
velocity. ©Only at. the point of contact between the liquid and the igg
crater wall (that is, in the hydrodynamic boundary layer)‘will the

speed of movement of the flowing vitreous mass be low enough to

allow the formation of a glassy layer.

We shall investigate the possibility of forming a boundary]|

layer of flowing liquild in the crater during the lmpact. Foﬂ this,
we point out that the ligquid, which may be left at the boundaries

16



of the crater, must be located only in a boundary layer, the thick-

ness of which we may first calculate. Let us calculate, in order

liquid:

o= LS

wiiere Dp 1s the diameter of the molten part of the crater ("pit")

Cy’p 7%5'_3 : ‘B,n SO
which is related to the diameter of the crater DS {"zone of crush-

ing") by the relationship qu§#[31]. For the calculation, we take

D , _ Ce e _ L
’§§~I$=kknﬁnu, and fiﬁﬁ g/cm3 [32], where 7y is the viscosity ofrt@eJ

liguid, and p 1s the density of the liquid. Then for Ds > 1 mm,

Re »>> 1, and the flow will take place with a boundary layer of
thickness [33j éﬁ%%%ﬂ@/cm. Hencé, even for craters with Dy = 100 m
and DS = 10 cm.(as extreme éases), using the relations given above,

we obtain the values‘SO = 1.0 cm and 0.3 mm, respectively.

It is clear that a layer of thickness 0.3 mm will not flow on
the rough ground. Even a layer of thickness GO =1 ¢m for a 100-

meter crater may, even disregarding 1ts solidification, form puddles

at most~30 cm deep.

These numbers givern an upper limit, since the outer part of

the boundary layer will be moving with a high velocity, and, in

~
no
=

|

such an impact, will be thrown from the crater together with the
main molten mass. These ejectlions will take the form of sprays,
disintegrating into individual droplets.

Farther, it should be noted that the material thrown out of

the crater will possess a maximum stable dimension dma such that

XJ
droplets of larger size do not exist. For this, we use the Ray-
leigh criterion for stability of sprays [347:

 Olmae = o2 L . (40)

17.



where VO — ¢haracteristic velocity of internal movement of the

liquid in the drop;
0 — surface tension of the liquid;
P — the liguid density. '

% 102 cm/sec, 0 = 3 102 dynes/cm [32], and p i B‘g/cms,

0
. » 4
we [find ;¢max=;§v%={0/ cem = 1 mm.

Taking V

The time constant of solidifidation in a vacuum is;€}~a@ﬁxh

]

A straightforward calculation shows that ;?}:.élsec for d = 1 mm,
and it is smaller for particles of smaller size [35]. Hence, in

such a short time no noticeable volatilizaticon from the drops may
take place, since 1t is possible that, e.g., ?}éﬂﬁﬁﬂflsec L)1,
An analogous situation exists for still thinner layers of liquid on

the surface of the crater. We thus conclude that no neoticeable
volatilization may take place after impact of a meteor.

Coneclusions

1. On the basis of an analysis of lavoratory experiments, we /22
., have presented a physical model and-ﬁheory for volatilizgatlion of
elements in vacuum from molten rock and from the surface of lunar

material.

(O 2. The process is one of Vapbrizatibhibf volatile elements from.a
many-component melt, proceeding in parallel with transformation of '
the same elements to nonvolatile,%tightly bound states (chemical
reactions). Such reactions are explained by the interaction of the
elements with background gases adsorbed on the surface of the melt.

The final, nonzeroc concentration of volatile elements in the "quasi-
stationary" stage is fully explained by the very same mechanism, if
all the material was initially in the wvolatile state.

¥Translatorts Note: Illegible in fofeign text.
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3. The tempcral evolutlon of the concentration exhibits three
stages: a) slow, b) rapld exponential (kinetic stage), and c)
"quasi-statiornary" .velatiligation.

For'p qu and} T qu regimes, tpere clearly/appear characteristic
Parameters PO and TO determined apprdximately by the relatlionship i
between the speed of volatillization and that for conversion of the
elements to nonvolatile states. In the kinetic stage; the temp-
erature dependence of the rate of disappearance of the elements
from the melt is determined by the combination of the ‘heats off.
vaporization L, diffusion A, and adsorption dy, > and the activetion
energy for oxidation Q. The basis for the individual character
of the volatilization of any element from melts of different comp-
osition,ie found in the quantity A..

4. Althepgh in thewcﬁrfeﬁtjwefk we did not consider :dn detail /23
the mechanisms of diffusion of elements to the surface,yte may state
that always there w111 be a layer depleted 1n\volat11e elements the{
thickness of that 1ayer is determlned by the relatlonshlp between thew
speeds of volatilization and diffusion. If the wvolatilization oec-

curs by evaporation from a liguid’ phaseﬁthen ‘the layer w1ll be relatlvelyﬁl

thick, and if it occurs by sublimation from a solid phase, it
will be thin.

5. Laboratory experiments on volatilization of Na and X from
molten lunar material have shown [8] that the process proceeds ati'
the beginning in the kinetic stage. This is evidence of the pre-
sence of free Na and K inm the ®tunar material. The transiticen from
the kinetic to the "Quasiestationary" stage is understood tTo be
largely an effect of the apparatus. The development of these ideas
agrees well with the fact of the general depletion (with respect to
Earth) of the lunar surface material in alkalil metals, and.definitely
corroborates the fact that the process of yvolatilization indeed
took place in the oxygen-free atmosphere of the Moon.

19



_ 6. Calculations show that meteor impacts form 1liquid in the.
form of rapidliy solidifying particies of small dimensions and thin
films. Volatilization under these conditions will be totally in-
slgnifilcant. The basic role in the process of volatilizatid% ié;?'
played by endogenic processes. | ; 0y

7. The disappearance of varilous chemlcally active gases from
the lunar atmosphere may have been aided by the chemical binding

of these gases adsorbed on the surface durilng volatilization.

8. Simultaneous comparison of the concentrations of several
volatile elements (Na, X, etc.) in lunar rocks of a given type (for
example, "sea" basalt) may serve as a supplementary chronological
characteristle of different lunar areas. The relationship between
concentrations of elements with different volatilities in a given
deposit will allow a;conclusion about the temperature durilng the

period of formation of that deposit on the Moon.

9. The key stage of the laboratory modeling for our work was
that in which the pressure was varied. The range of pressure we

recommend for study of the kinetic stage of volatilization is p| ™

10"3 - 10_7 torr (with the condition%D << ﬂ).‘ For reliable ex-
20, r

perimental study of fb in the lunar atmosphere at the moment of
U2

solidification of the surface material, we reommmend the range of

—12 19713 torr, although thils is obtainable only

with great technical difficulties. (We used a pumplng Speed of

pressure H v 10

10° - 107 71/sec.)

The autnors wish to thank L. L. Perchuk, V. I. Fel'dmann,

V. P. Belov, and 0. I. Yakovlev for discussions.
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Figure 2.

Kinetics of wvolatilization of Na and’

K from molten Earth rock in vacuum: :
a — T~ 1050° C; P& 1078 torr [1375 6 — T ~
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Figure 3. Volatilization of Na in vacuum from

aluminous and toleite basazalts for p = var
(T & 1300 and 1500° C) [12]
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Figuve L. Volatili;ation of K in vacuum from
aluminous and toleite basalts for p = var
(T & 1300 and 1500° ¢) [12]
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Figure 5. Composite graph %or T = var of| o
volatlilization of Na and K in vacuum (P{ﬂJ 10- -6 torr) from
molten Earth roeck and minerals (1ncluding ilunar material)

1 _"‘wNa = 7.2 -kecal/mole, YK =-17.2 kecal/mole [11]; 2 ——

WNa = 8.4 keal/mole, TK = 7.6 kcal/mole [10]; 3 — WNa =

35-5 kcal/mole; TK =:6.6 keal/mole [36]; 3t — ¥ = 4.0

Na
kcal/mole; WK = 6.4 keal/mole [367; & ——-wNa = 5.2 kcal/

mole; TK = 2,6 kcal/mole {8]; 5 — TNa = U2 keal/mole,

= - r = ., I
Yy 2.4 kecal/mole [11]; 5 TNa 3.2 kecal/mole; WK

2.2 kecal/mole [11]; 6 ——-WNa = 3.8 kcal/mole; WK = 1.44

kcal/mole [11]; 7 — ¥ = O.Tﬂ-kcal/male; ¥ =-0.94 keal/

Na K

mole [11]; 8§ — ¥ya = 22.0 kcal/mole, ¥, = 8.4 keal/mole [13]

24



Xamy JIAE&,
Xrg Xr;
B ’
s
06‘@2-
'
o ok
wb 1
s b H _____"___7{_,’(!0’5
M
Figure 6. Volatilization of Na, K, Si, and Fe

from molten basalt in vacuum (p ~ 10-9 torr)
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